The formation of acetic acid from pentoses was studied in aqueous buffered systems (90-120
Introduction
Acetic acid is a well-known thermal degradation product of saccharides. Its formation from hexoses under alkaline conditions was first reported in 1926. 1 Recent investigations have shown that acetic acid is mainly formed at the early stage of the Maillard reaction cascade and that it is the major reaction product under neutral and alkaline conditions. [2] [3] [4] [5] It has been demonstrated that in hexose-based systems, acetic acid is almost exclusively formed via hydrolytic β-dicarbonyl cleavage. 5 The key intermediate, 1-deoxy-2,3-hexodiulose, undergoes successive β-dicarbonyl cleavages forming acetic acid from all six carbon atoms. The α-hydroxycarbonyl compounds that are formed as counterpart (e.g., tetroses, 2-hydroxy-3-oxobutanal or glycolaldehyde) are highly reactive and rapidly enter the reaction cascade.
Contrary to hexoses, the origin and the yield of acetic acid from pentoses as well as the importance of hydrolytic β-dicarbonyl cleavage for the formation of organic acid and α-hydroxycarbonyl compounds is not well understood. The β-dicarbonyl cleavage of pentoses was first proposed by Hayami to explain the formation of acetol and glycolic acid. 6 However, the 
Model Reactions

Analysis of Acetic Acid
Acetic acid was quantified by solid-phase microextraction in combination with gas FIGURE 1. Formation of acetic acid (solid lines) and residual xylose level (dotted lines) in xylose-glycine reaction systems in phosphate buffer at 120
• C at pH 6.0 (squares) and pH 8.0 (triangles).
chromatography mass spectrometry (SPME-GC/MS) using [ 2 H 3 ]acetic acid as an internal standard as already described. 
Results and Discussion
The effect of pH, temperature, and reaction time on the origin and yields of acetic acid from xylose was studied in aqueous-buffered systems containing equimolar concentrations of glycine and unlabeled or 13 C-labeled xylose (0.1 mol/L). The initial experiments with unlabeled xylose at 120
• C indicated that the level of acetic acid increased with increasing pH and reaction time (FIG. 1) . Almost twice as much acetic acid was formed at pH 8.0 (28 mol%) compared to pH 6.0 (16 mol%) after 4 h of reaction. Acetic acid was mainly formed at the early stages of the reaction cascade as its formation almost stopped when no more xylose was available. These results are similar to those obtained in the glucose-glycine system and indicate that, as in pentose-based systems, acetic acid is most likely formed via the 2,3-enolization pathway by hydrolytic β-dicarbonyl cleavage of the corresponding 1-deoxy-2,4-diulose (FIG. 2A) . 5 To confirm this hypothesis, labeling experiments were performed using different 13 C-labeled xylose isotopomers reacted with unlabeled glycine (90
• C and 120
• C) at pH 6.0 and 8.0. The acetic acid was quantified by SPME-GC/MS using [ 2 H 3 ]acetic acid as the internal standard. As shown in FIGURE 3, singly labeled acetic acid was formed from all three 13 C-labeled xylose isotopomers at 120
• C at pH 6.0. However, the proportion of labeled acetic acid was much higher when [1- 13 C]-xylose or [2-13 C]-xylose (85-89%) was used compared to [5- 13 C]-xylose (8-11%). High and almost identical proportions of labeled acetic acid formed from [1- 13 C]-xylose and [2-13 C]-xylose indicating that acetic acid is mainly formed by fragmentation between the C-2 and C-3 carbon atoms of the pentose sugar. These findings are in line with the mechanism shown in FIGURE 2A. In parallel to the formation of acetic acid, glycolic acid must be formed by the attack of the nucleophile HO − at the carbonyl in position C-4 instead of C-2, as proposed by Hayami (FIG. 2B) . 6 In addition to this major pathway, small amounts of acetic acid are formed by fragmentation between the C-3 and C-4 carbon atoms of pentoses as indicated by the labeled acetic acid formed from [5- 13 C]-xylose. The most probable mechanism should involve fragmentation of 2,3,4-pentanetrione formed by dehydratation of 1-deoxypento-2,3-diulose. The former compound was shown to form acetic acid after hydration of the middle carbonyl group. 7 Experiments confirming this hypothesis will be reported elsewhere. The contribution of the minor reaction pathway to acetic acid slightly increased with increasing reaction time. This effect of reaction time was more pronounced at pH 8.0 (contribution of C-4/C-5 atoms changed from 12% at the beginning of the reaction to 17% at the end).
The pH had relatively little effect on the origin of acetic acid from xylose (FIG. 4.) . The relative contribution of C-1/C-2 carbon atoms of xylose was slightly decreased in favor of C-4/C-5 carbon atoms when pH was increased from pH 6.0 to pH 8.0. On the other hand, the pH had a strong effect on the yield of acetic acid, which increased with increasing pH (FIG. 1) . The temperature had only a negligible effect on the origin of acetic acid from xylose. The data shown in FIGURE 4 demonstrate that under cooking conditions the Maillard reaction systems containing pentoses similar to those containing hexoses yield acetic acid mainly from the C-1/C-2 carbon atoms of sugars. However, the relative contribution of C-1/C-2 carbon atoms of pentoses (77-85%) is more important than that of hexoses (67-71%). 5 The results reported in this paper support the β-dicarbonyl cleavage of 1-deoxypento-2,4-diulose as a major pathway leading to acetic acid in pentose-based Maillard reaction systems under food processing conditions. Due to high amounts of acetic acid generated in both hexose-and pentose-based model systems, the hydrolytic β-dicarbonyl cleavage can be considered as a major Maillard reaction pathway under neutral and alkaline conditions.
